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H I G H L I G H T S  
� Hybrid cotton fabric electrodes with MnO2 and AC by easy processes were developed. 
� A new assessing method for long-term durability under harsh conditions is analysed. 
� The use of Aquivion as solid-state electrolyte in SCs is introduced for first time. 
� The hybrid solid-state supercapacitors worked with success in a high voltage range. 
� The supercapacitors showed low self-discharge rates and good specific capacitances.  






A B S T R A C T   
Electrodes based on activated carbon and manganese oxide coated on a cotton woven fabric were developed and 
investigated. The electrodes were then assembled with two polymer electrolyte membranes, Nafion®115 and 
Aquivion®E87-05S, and two different supercapacitors were produced with specific capacitances and energy 
densities of 130 and 132 F g  1, and 11.5 and 11.7 Wh kg  1, respectively. Furthermore, a new durability meth-
odology, which combines galvanostatic charge/discharge cycles together with potentiostatic floating conditions, 
was used to get insight into their electrochemical performance under stringent conditions. The supercapacitor 
assembled with Nafion®115 electrolyte worked successfully for 10 k cycles and 140 h under a constant voltage of 
1.6 V (floating condition), whereas the supercapacitor assembled with Aquivion®E87-05S electrolyte worked 
successfully for more than 15 k cycles and 210 h, without any appreciable degradation of their electrochemical 
properties. In summary, hybrid solid-state supercapacitors based on electrodes produced by simple methodol-
ogies and low-cost materials, and with long durability performance under very harsh conditions were developed 
and analysed for their potential utilization as flexible energy storage devices.   
1. Introduction 
At present, batteries and electrochemical capacitors are becoming of 
primary importance as power supplies of portable electronic systems. 
However, these devices are rigid and have limited usability in terms of 
mechanical stability upon bending or stretching for wearable elec-
tronics. In this respect, textile fabrics, which are thin flexible sheets of 
interlaced yarns produced by different technologies such as weaving, 
knitting, and braiding have additional advantages over other materials 
owing to their mechanical strength, flexibility properties and absorption 
and desorption ability (for absorbing and releasing of ions in the solvent) 
[1], and therefore, flexible energy storage devices based on textile fab-
rics, particularly oriented towards the production of supercapacitors 
(SCs), are a viable alternative to overcome those limitations because of 
their quick charge-discharge capability, long life and safety. It is 
generally accepted that energy in SCs is electrostatically stored by 
accumulated charges on the electrode surface, and electrolyte ions with 
counterbalancing charge on the electrolyte side, which is denominated 
as electric double layer capacitance (EDLC) [2]. However, the fabrica-
tion of scalable, lightweight and durable textile-based SCs possessing a 
combination of high capacitance with high power and energy density is 
still a significant challenge [3], and fabric-based electrodes with high 
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electronic conductivity thanks to the incorporation of carbon nano-
structures such as carbon nanotubes (CNT) [4], graphene [5,6], and/or a 
combination of them [7] by different methodologies [8], have been 
recently proposed for the design of SCs. Nevertheless, the electro-
chemical properties of the above mentioned carbon nanostructures are 
still limited. In this regard, it is well known that charge storage can be 
increased in supercapacitors with pseudocapacitance, i. e. fast surface 
redox reactions, which occur at or near the surface of carbon materials, 
conducting polymers [9] and transition metal oxides [10]. Conse-
quently, activated carbon (AC) with mesoporous structures [11] 
together with pseudocapacitive metal oxides such as manganese oxides 
(MnOx) [12], are frequently added to the fabric-based electrodes to 
enhance their electrochemical properties. On the other hand, 
cotton-based textiles are drawing strong attention among natural fiber 
textile fabrics to act as wearable platform for textile supercapacitors [13, 
14]. The current research in the development of textile supercapacitors 
can be separated into two main lines of investigation, bottom-up and 
top-down. In the bottom-up approach, natural or synthetic fibers are 
transformed into electrode fibers by different methodologies, and so 
they can be interlaced in a subsequent step to produce energy storage 
devices [15,16]. On the contrary, in the top-down approach already 
final product textile fabrics are transformed into energy storage devices. 
The first work reporting this type of top-down approach with cotton 
fabric has been conducted by Yi Cui research group in 2010 [17]. In that 
work, dip-coated CNT cotton fabric electrodes electrodeposited with 
MnO2 were studied for producing hybrid SCs with excellent cycling 
stability and specific capacitances of around 125 F g  1 in the working 
voltage range of 0.8 V. The use of cotton fabric as the starting material of 
the electrodes for SCs have been also investigated in some other relevant 
works. For instance, polypyrrole (PPy) nanorods were deposited on 
cotton fabrics, and the obtained fabrics could be directly used as 
supercapacitor electrodes, with a maximum specific capacitance of 
325 F g  1 in the working voltage range of 0.8 V, and an energy density of 
24.7 Wh kg  1 [18]. In another recent work, electrodes were produced 
with multiwall carbon nanotubes (MWCNT) and reduced graphene 
oxide (rGO) deposited by vacuum filtration on nickel coated cotton 
fabric. The electrodes were then assembled with a cotton fabric sepa-
rator in 5 M LiCl aqueous electrolyte solution. The final SCs achieved a 
specific capacitance of 262 F g  1 at 0.84 A g  1 in the working voltage 
range of 0.8 V, and an unexpected increment of 18% in their specific 
capacitance after 10 K cycles [19]. On the other hand, the good per-
formance of SCs depends also of the type and conductivity of the elec-
trolyte used, which has the double function of working as separator 
between the electrodes and transport of electrolyte ions when it has the 
form of gel or polymer [20,21]. Since aqueous electrolytes show prac-
tical disadvantages in wearable SC devices due to liquid leakage, there is 
an increasing interest in replacing them with polymer/gel electrolytes 
[22]. For instance, a solid-state flexible and asymmetric supercapacitor 
with PVA/LiCl gel, MnO2 nanowires and Fe2O3 nanotubes grown on 
carbon fabric electrodes, with 91.3 F g  1 (2 mA cm  2) in the working 
voltage window of 1.6 V, a capacitance retention of 95.2% after 3K cy-
cles, and values of resistances between 3.9 and 7.6  Ω cm2 during cycling 
stability test, was already reported [23]. In another work, SCs assembled 
with electrodes of NiCo2O4@NiCo2O4 core/shell nanostructures grown 
on cotton activated carbon textiles and PVA/KOH, achieved a specific 
capacitance of 60 F g  1 (100 mA cm  2) in the working voltage of 1.6 V, a 
resistance of around 1.5  Ω cm2, and capacitance retention of 100% after 
1 k cycles [14]. It was also recently reported the use of large-area flexible 
electrodes based on a polyester textile, rGO and PANI, and PVA/H3PO4 
as gel electrolyte, to assemble a SC with 152 F g  1 (0.5 mA cm  2) in the 
voltage window of 0.8 V, and retention of 85.9 % after 1 k cycles [24]. 
However, the PVA based solid electrolytes used in the above referenced 
works present also some relevant unresolved issues such as their high 
resistivity, the difficulty of controlling with precision their thickness 
during the fabrication of the SC, which can worsen the adhesion be-
tween electrode and electrolyte, and the selection of appropriate current 
collectors to avoid corrosion when using alkali or acid electrolytes. 
Furthermore, PVA based gel electrolytes in acidic and alkaline envi-
ronments cannot be used with MnO2 based electrodes because of the 
poor chemical stability of MnO2, and they cannot achieve voltage win-
dows above 1.23 V (vs NHE) because of the water decomposition, which 
causes very high self-discharge rate. It is in this context that we have 
selected the perfluorosulfonate (PFSA) Nafion®115 and Aqui-
vion®E87-05S membranes as solid polymer electrolytes for the design 
and fabrication of our SCs because of their high ionic conductivities, 
even as cation exchange membranes in sodium form (i.e. Naþ) at pH � 7, 
wide voltage window stability (i.e. 1.6 V), controlled thickness, 
outstanding mechanical strength, and low self-discharge rate [25]. 
These polymer electrolytes are currently employed in polymer electro-
lyte membranes (PEMFCs) and direct alcohol (DAFCs) fuel cells because 
of the outstanding properties above numbered [26]. Some initial inter-
esting characteristics of Nafion®115 electrolyte were already discussed 
in our previous work, where asymmetric SCs based on AC/MnO2 
deposited onto dip-coated carbon nanofiber cotton fabric electrodes 
were designed, fabricated and analyzed [27]. In the present work, we 
extend the application of PFSA polymer electrolytes and optimize the 
preparation in a single-step of MnO2 and AC cotton fabric electrodes for 
the fabrication of two asymmetric solid-state SCs with Nafion®115 and 
Aquivion®E87-05S electrolyte membranes (Table 1). Furthermore, a 
new practical test procedure for the long-term durability assessment of 
asymmetric and hybrid SCs under stringent conditions, which include 
cycles with the combination of galvanostatic charge/discharge (G-CD) 
and potentiostatic floating conditions, is analysed and discussed. As far 
as the authors are aware, this is the first work that reports the study of a 
SC with the Aquivion E87-05S solid polymer electrolyte, and the lifetime 
assessment of solid-state SCs by using this new type of accelerated stress 
test method. 
2. Experimental section 
2.1. Materials 
100% cotton woven fabric with 14.9 � 20.2 warp x weft yarn linear 
density (tex) and 0.26 mm thickness at 18 Pa provided by a local com-
pany, was used without any type of pre-treatment as base-substrate of 
the electrodes. A combination of activated carbon (AC) Norit A Supra Eur 
with a specific surface area of 1500 m2 g  1, vapour grown carbon 
nanofibers (CNF) Pyrograf III PR 24 LHT XT with diameters of around 
100 nm and lengths ranging from 50 to 100 μm, carbon black (CB) 
Shawinigan acetylene black, and dry powder manganese oxide (MnO2) 
prepared by a simple co-precipitation method based on chemical reac-
tion in aqueous solution [28], were used for producing the corre-
sponding active layers with conducting and electrochemical properties. 
Nafion® 115 DuPont and Aquivion® E87-05S with a thickness of 125 and 
50 μm, and equivalent weight (EW) of 1100 and 865 g mol  1, respec-
tively, were employed as polymer electrolyte membranes. All the other 
materials used in this work were purchased from Sigma-Aldrich and 
used without further purification. 
2.2. Preparation of electrodes and supercapacitors 
Two different types of electrically conducting and hybrid composite 
electrodes based on MnO2 (positive electrode) and AC (negative elec-
trode) were produced. The MnO2 based electrodes were prepared by 
spreading onto the cotton fabric samples a slurry composed of: 70 wt% 
of MnO2, 10 wt% of CB, 10 wt% of CNF, 10 wt% of poly(vinylidene 
fluoride) (PVDF) binder and N,N dimethylacetamide (DMAc) solvent, 
whereas the composition for the AC based electrodes was: 80 wt% of AC, 
10 wt% of CNF, 10 wt% of PVDF and DMAc. All the electrodes were 
dried first at 70 �C for 24 h, and then a further heat treatment, which 
involved 1 h at 120 �C and 20 min at 160 �C, was carried out to improve 
their mechanical strength. At the end, all the electrodes were hot- 
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pressed at 160 �C and 40 bar during 10 min with the aim of increasing 
their electrical conductivity, and a positive to negative electrode mass 
ratio of 0.84 was achieved. The electrodes were then cut in circular 
shapes of 2 cm2, whereas the Nafion®115 and Aquivion®E87-05S 
membranes were cut slightly larger than 2 cm2 (around 2.5 cm2) to 
prevent lateral electrical short circuits. The SCs were assembled with the 
Nafion®115 and Aquivion®E87-05S membranes and two different types 
of SCs, named as Cotton@Nafion and Cotton@Aquivion, were produced. 
The electrodes were impregnated with 1 M Na2SO4 solution, whereas 
the Nafion®115 and Aquivion®E87-05S membranes were exchanged in 
Naþ form by immersion for 18 h in 1 M Na2SO4 solution under slow 
stirring, before assembling. Further specific details of the electrodes are 
shown in Table 1. 
2.3. Materials characterization 
Morphological analysis of the as-prepared electrodes (fresh elec-
trodes) and the aged electrodes was performed in an Ultra-high reso-
lution Field Emission Gun Scanning Electron Microscopy (FEG-SEM), 
FEI Company. The aged electrodes were dried at room temperature for 
some days, and then cut in small samples of about 0.5 cm2, which were 
fixed to the SEM sample holder by a conductive tape. The samples were 
gold coated with a thin film (about 20 nm) in a cold sputter coater. The 
SEM analyses were carried out at 5 kV and 20 kV of accelerating voltage 
and at different magnifications by scanning the whole area of each 
sample. Energy dispersion of emitted x-ray (at 20 kV) was used to verify 
the uniformity in the composition of the different samples. 
X-ray photoelectron spectroscopy (XPS) of cotton based fresh and 
aged electrodes was recorded by a Physical Electronics (PHI) 5800-01 
spectrometer. Each spectrum was obtained by using pass energies of 
58.7 eV, for the elemental analysis, and 11.75 eV for the determination 
of the oxidation states and chemical compositions. A scan analysis was 
carried out for producing a survey spectrum ranging from 0 eV to 
1200 eV, which was used to determine the elemental surface composi-
tion. High-resolution scans were also carried out for Mn 2p, Mn 2s, C 1s 
and O 1s to complete the surface analysis of electrodes. Different sam-
ples based on AC (negative electrodes) and MnO2 (positive electrodes) 
were calibrated with C1s (284.6 eV) peak. The areas of peaks were 
estimated by calculating the integral of each peak after subtracting the 
background noise and fitting the experimental peaks by the Gaussian 
function. 
2.4. Electrochemical characterization 
The supercapacitors with 2 cm2 circular-shape two-electrodes were 
investigated in a titanium cell connected to Autolab/Metrohm PGSTAT 
302/FRA2 (Eco Chemie, Netherlands) potentiostat-galvanostat electro-
chemical workstation. The cyclic voltammetry (CV) tests were carried 
out in potentiodynamic mode at different voltage sweep rates (5, 10, 50 
and 100 mV s  1) and voltage ranges from 0 to þ1.6 V and vice versa. The 
galvanostatic charge/discharge tests (G-CD) were carried out in the 
same voltage range (0 to þ1.6 V) and at constant currents of �0.2, �0.5, 
�1 and �2 A g  1. The electrochemical impedance spectroscopy tests 
(EIS) were performed at open circuit voltage (OCV), with voltage sine 
wave amplitude of 10 mV, and frequencies from 1 mHz to 500 kHz by 
using the PGSTAT 302 potentiostat equipped with the FRA2 module. 
3. Results and discussion 
3.1. Morphology and structure of fresh electrodes 
The scanning electron microscopy images of composite electrode 
samples before electrochemical tests (fresh electrodes) are shown in 
Fig. 1. The positive electrode (Fig. 1a) is composed of spherical MnO2 
nanoparticles, carbon black particles with irregular shapes and large 
sizes, and carbon nanofibers. All these particles and nanofibers were 
coated successfully on the woven cotton fabric. The MnO2 nanoparticles 
appear uniformly distributed, while CB particles showed larger ag-
glomerates with micrometric sizes. CNF have the main function of 
connecting the MnO2 and CB particles, thus creating the necessary 
conductive paths for electronic transport. The negative electrode 
(Fig. 1b) showed a non-uniform distribution of AC particles in the 
micrometric scale range with some entangled CNF. The electronic con-
duction paths are also ensured by the contacts between AC particles and 
CNF. Overall, these fresh electrodes coupled with the sodium exchanged 
PFSA membranes allowed the production of solid-state SCs with excel-
lent electrochemical characteristics. 
X-ray photoelectron spectroscopy was also performed to evaluate the 
surface chemical composition of the fresh electrodes, and the results are 
shown in Fig. 1c. The full survey-scan spectrum of the positive electrode 
(Fig. 1c red line) shows that it is composed of four main elements: Mn, O, 
C and F. The fluorine comes from the PVDF inert binder and hence it is 
not further considered. The two peaks at 642 eV (Mn 2p3/2) and 
653.8 eV (Mn 2p1/2), with an energy separation of 11.8 eV, showed that 
Mn4þ is the prevailing species on the surface [29,30]. The C 1s peak at 
284.6 eV is due to the CB particles and the CNF, while the O 1s peak at 
631.5 eV has its origin in the oxygen provided by the Mn oxides and 
surface oxygenated groups of the carbon materials. The whole survey 
spectrum of the negative fresh electrode (Fig. 1c blue line) shows only 
the presence of C, O and F elements. Further XPS examination 
comparing the fresh and the aged electrodes will be discussed in the later 
sections. 
3.2. Electrochemical analysis at initial conditions 
The electrochemical analyses of both SCs at initial conditions ob-
tained by CV at different voltage sweep rates from 5 to 100 mV s  1 are 
plotted in Fig. 2a and c. The current density and specific capacitance 
were calculated from the sum of active masses from both electrodes, 
(4.30 mg from MnO2 and 5.12 mg from AC). The original values of the 
current (I) in the voltammograms were converted in specific capacitance 
(Cs) per one electrode mass by using the equation C (F g  1) ¼ 4 x [I (A)/ 
dV/dt (V s  1)]/[mass active materials of capacitor (g)]; where dV/dt is 
the scan rate. The Cotton@Nafion SC shows slightly higher capacitance 
than the Cotton@Aquivion SC. In particular, the Cotton@Nafion SC 
showed specific capacitances close to 100 F g  1 and nearly rectangular 
shapes in the whole range of voltage scan rates. The quasi-rectangular 
shapes observed in Fig. 2a–c show a high stability at operating voltage 
of 1.6 V, which is an important finding because it demonstrates the 
absence of evident oxygen (OER) and hydrogen (HER) evolution re-
actions in the electrodes [31,32]. In fact, the operation voltage of 1.6 V 
in both SCs exceeds the thermodynamic potential window of water 
decomposition (e.g. 1.23 V, vs NHE) at room temperature. The 
Table 1 
Description of electrodes and final solid-state supercapacitor compositions.  
Supercapacitor name Positive electrode Negative electrode Electrolyte 
Composition (wt%) Thickness/Active Mass Composition (wt%) Thickness/Active Mass 
Cotton@Nafion MnO2 (70%),  
CB (10%),  
CNF (10%),  
PVDF (10%) 
150 μm/2.15 mg cm  2 AC (80%),  
CNF (10%),  
PVDF (10%) 
175 μm/2.56 mg cm  2 Nafion®115 
Cotton@Aquivion Aquivion®E87-05S  
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voltammograms of the Cotton@Aquivion SC showed less perfect rect-
angular shapes in the same voltage range, probably due to its higher 
distributed ionic resistances, as it is confirmed by the EIS analysis 
(Fig. 2e). Despite the presence of MnO2 in their positive electrodes, there 
is no any evidence of Faradaic processes in both SCs at the initial con-
ditions, which can be explained because of those processes happen very 
fast in the whole cell [33,34]. In general, both SCs show in their vol-
tammograms the quasi-rectangular shapes typically observed in elec-
trodes with the electrical double layer capacitance (EDLC) behaviour 
[27,35], even at the highest scan rates of 100 mV s  1. Fig. 2b and d show 
the G-CD curves of Cotton@Nafion and Cotton@Aquivion SCs in the 
voltage range from 0 to þ1.6 V. We observed a retention in capacitive 
performances of around 75% and 70% in supercapacitors with Nafion 
and Aquivion, respectively, when current increased from 0.2 to 2 A g  1 
in G-CD tests. This is an expected result if we consider that pseudoca-
pacitive processes, which involve a fast transfer of electrons on the 
surface of MnO2, are occurring [36]. Both SCs show high columbic ef-
ficiency and triangular shapes with low voltage drops (iR drop) occur-
ring during the current inversion, associated with the over potential 
caused by the charge redistribution through the electrodes [37]. In 
summary, a similar to EDLC behaviour with low electrical resistivity and 
excellent capacitance is confirmed in both SCs from the analyses of their 
voltammograms and G-CD curves at initial conditions, which practically 
emulate the behaviour of electrostatic capacitors but with much higher 
capacitances (e. g. >100 F g  1). 
The Nyquist plots of both SCs at initial conditions are reported in 
Fig. 2e. The inset shows the high frequency region. The plots are very 
similar at high and very low frequency, while they show differences at 
intermediate frequencies where the more resistive character of Aquivion 
is evident. The high frequency semicircles observed in both super-
capacitors were fitted by RS (RCTCPE) equivalent circuit, in which RS is 
the electrolyte resistance, RCT is the charge transfer resistance and CPE or 
Q is the constant phase element, defined as the circuit element to be used 
in EIS analysis when the electrodes have some roughness and high 
porosity [38], and a non-ideal behavior of the electric double layer have 
to be considered. Values of RS equal to 0.82 and 0.78 Ω cm2 have been 
calculated for Cotton@Nafion and Cotton@Aquivion SC, respectively, 
which evidence very low resistivities of both Nafion®115 and Aqui-
vion®E87-05S membranes and fast charge propagation through elec-
trodes (see inset of Fig. 2e). Furthermore, the Cotton@Nafion SC 
(RCT ¼ 2.6 Ω cm2) exhibits interfacial resistances with lower radius than 
the Cotton@Aquivion SC (RCT ¼ 3.9 Ω cm2). This latter supercapacitor 
also shows higher distributed resistances in the middle frequency range 
(Hz), while the differences between the impedances of both SCs are less 
pronounced at low frequencies (mHz), and finally the results overlap 
near to 1 mHz. 
3.3. Lifetime analysis under accelerated stress test 
The electrochemical characterizations of both hybrid solid-state SCs 
in a neutral aqueous system at initial conditions have shown high spe-
cific capacitances and low resistivities in a wide voltage window of 
1.6 V, as it was discussed in the previous section. On the other hand, we 
propose a different methodology for the long-term durability assessment 
of our supercapacitors. This test-method allows monitoring the ageing 
behaviour of SCs through a combined procedure of cycling and floating 
method, which can simulate better their lifetime and state-of-health 
(SoH) under stringent environments. Specifically, the SCs are sub-
jected to G-CD sequences consisting of an initial galvanostatic charge 
phase at 2 A g  1, a potentiostatic phase for 50 s at constant voltage of 
1.6 V (floating condition), and a final galvanostatic discharge phase at 
  2 A g  1, as it is shown in Fig. 3. Though, the floating methodology was 
already proposed for testing the stability of non-aqueous [39,40] and 
aqueous [41] based supercapacitors, this combination of cycling and 
floating is presented for the first time with this study. This methodology 
is repeated up to 15 k cycles during which the ageing behaviour was 
Fig. 1. SEM images of the upper surface. MnO2 based electrode (a), AC based electrode (b). XPS survey spectra (c): MnO2 based electrode in red line, and AC based 
electrode in blue line. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Specific capacitance versus cell voltage at scan rates from 5 mV s  1 to 100 mV s  1, and G-CD at current densities from 0.2 A g  1 to 2 A g  1. Voltammograms 
(a) and G-CD (b) of Cotton@Nafion SC. Voltammograms (c) and G-CD (d) of Cotton@Aquivion SC. Nyquist plots of the two hybrid SCs at initial conditions (e). 
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monitored by different control tests (CV at 5 mV s  1, G-CD at 0.2 A g  1 
and EIS) carried out at intermediate number of cycles (e.g. 0, 2 k, 5 k, 
etc.) as provided in Figs. 4 and 5. 
The initial voltammograms exhibit rectangular shapes especially in 
Cotton@Nafion SC, while the Cotton@Aquivion SC shows higher resis-
tive effects, and as far as the number of cycles are progressing (Fig. 4a 
and c) deviations from these initial behaviours are observed. For 
instance, a broad hump above 5 k cycles during charge and discharge 
voltammetries is clearly manifested for Cotton@Nafion SC. On the 
contrary, the voltammograms of Cotton@Aquivion SC proceed more 
regularly and flat humps can be observed only after 10 k cycles. 
Furthermore, it is possible to observe how the inversion of the sign of the 
current at 1.6 V and 0 V is practically instantaneous during all voltam-
metries (Fig. 4a and c). This means that both SCs still show low resis-
tance, while at the same time their capacitances increase as the number 
of cycles move forward, as it is observed from the negative/positive 
areas, which are higher than the areas of the starting cycles. In 
conclusion, there is not any deterioration detected from CV at high 
number of cycles, and the discharge time after 10 and 15 k cycles for 
both SCs are also higher than initial (G-CD Fig. 4b and d). These trends 
and results were not expected because our supercapacitors include the 
MnO2 as the pseudocapacitive material in positive electrodes, and dur-
ing the tests, the electrodes and electrolytes were subjected to severe 
conditions. We have reported similar achievements in a previous work 
[27], though in that work the cycles were performed with a lower 
stringent methodology, and consequently the results showed here on the 
long-term durability of this type of SCs provide a new scientific finding. 
The progression of the durability tests and the state-of-health of both 
SCs were also monitored by in-situ EIS and their representative Nyquist 
and Bode plots are shown in Fig. 5. The Nyquist plots of both SCs at high 
frequencies (kHz range), described in the insets of Fig. 5a and c, 
demonstrate a small increase in their whole resistance, which includes 
the electrolyte, the electrode/collectors and the electrolyte/electrodes 
resistances, with the progression of the cycles. In addition to the 
mentioned resistances, the charge transfer resistance, RCT, due to the 
diffusion of the charges (i. e. ions and electrons) through the electrodes 
has also to be included in that whole resistance increase. The absence of 
low frequency semicircles (mHz range) indicates that accentuated redox 
processes were not detected in both SCs even over a long time-scale of 
Fig. 3. Typical cycle of stability that includes combined G-CD at � 2 A g  1 with 
potentiostatic floating at 1.6 V during 50 s. 
Fig. 4. Specific capacitance versus cell voltage at 5 mV s  1 and G-CD at 0.2 A g  1 of long-term durability tests. Voltammograms (a) and G-CD (b) of Cotton@Nafion 
SC. Voltammograms (c) and G-CD (d) of Cotton@Aquivion SC. 
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measurement (1 mHz is equivalent to 1000 s). Furthermore, the data 
points almost vertically situated on the left part of Nyquist plots (Fig. 5a 
and c) show that both cells behave as quasi-ideal capacitors with a slight 
frequency dependence caused by the increase of RCT during the pro-
gression of cycles. The Bode plots of SC at the initial condition (Fig. 5b 
and d) show that both cells resemble quasi-ideal capacitors with phase- 
shift angles very close to   90� (i. e. ideal EDLC behaviour) and then, as 
the number of cycles is increasing, the phase-shift angles decrease up to 
about   75� with a behaviour closer to a pseudocapacitor [42]. It must 
be reminded that a phase-angle of   80� was proposed as an indicator to 
distinguish a capacitor from a non-capacitor like behaviour [42,43], 
though this statement has not gained a general consensus. Taking that 
indicator into consideration, our study shows a change from an ideal 
EDLC to pseudocapacitor (Fig. 5b and d) as the number of cycles runs 
forward. Furthermore, a broadening of the phase peaks from higher to 
lower frequencies, particularly in the Cotton@Aquivion SC, is observed 
with the increase of number of cycles. These modifications may be 
associated with the appearance of some slower redox process in MnO2 
based electrodes, which have also been detected in the voltammograms 
of both SCs (Fig. 4a and c). In summary, both SCs showed good capac-
itive behaviour and high electrochemical performance despite the cells 
were subjected to very stressful ageing conditions. For instance, the 
Cotton@Nafion SC was subjected to 10 k G-CD cycles, which includes a 
potentiostatic floating phase of approximately 140 h at 1.6 V. These are 
exceptional results if we consider that low-cost materials such as AC, 
MnO2 and electrical insulating cotton woven fabric were utilized in the 
production of the electrodes. 
The morphology of aged electrodes was analyzed by SEM to further 
investigate the effects of accelerated ageing tests and it is shown in 
Fig. 6. The electrodes were just dried, without any type of washing, in 
order to avoid any undesired alteration of the samples before the SEM 
analysis. Fig. 6a and c show evident white large particles of deposited 
Na2SO4 salt electrolyte and they do not show clearly any particle growth 
corresponding to MnO2. The Fig. 6a shows also some effect of fusing or 
coarsening among MnO2 particles corresponding to the positive elec-
trodes of Cotton@Nafion SC, though they remained in the nanometric 
range. A flattening effect caused by the pression of the electrodes against 
the membranes in the cell, that slightly alters their morphology, can be 
clearly observed in the disassembled aged positive electrodes, when 
compared with the fresh ones (Fig. 1a). Apart from that, the SEM images 
of the fresh and the aged positive and negative electrodes of both SC do 
not show any significant change in their morphological appearance. 
Fig. 5. Long-term durability EIS of Cotton@Nafion (top) and Cotton@Aquivion SC (bottom). Nyquist plots (the inset shows the high-frequency region) (a) and (c); 
Bode plots (absolute impedance is the solid symbol and the phase angle is the open symbol) (b) and (d). 
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Fig. 6. SEM images of electrodes after accelerated ageing tests. Positive electrodes used with Nafion®115 (a) and Aquivion®E87-05S (c). Negative electrodes used with Nafion®115 (b) and Aquivion®E87-05S (d).  
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The x-ray photoelectron spectroscopy was also performed to eval-
uate the surface chemical composition of the positive and negative 
electrodes after ageing tests and the results are shown in Fig. 7 and 
Table 2. Fig. 7a and b clearly show the presence of deposited Na2SO4 
salts on the surface of both positive and negative aged electrodes. The 
negative aged electrodes (Fig. 7a) present C 1s and F 1s peaks derived 
from the activated carbon and PVDF binder, respectively, whereas Na 
1s, S 2s and O 1s peaks come from the sodium sulphate of the electrolyte. 
In addition, some traces of titanium oxide (Ti 2p3/2) and silica (Si 2s) 
were also evidenced. The silica traces may come from some contami-
nation present in the cell, while TiO2 is likely due to a slight corrosion 
from the titanium cell plates. A similar consideration can be done for the 
positive aged electrodes (Fig. 7b), where the same chemical compounds 
together with the manganese oxides are observed. The F, Na, S elements 
were not further analysed at high resolution because they are not elec-
trochemically active materials in the operating voltage of both SCs. On 
the other hand, although the oxygen is present in MnOx, the O 1s spectra 
was also not further considered in this discussion because of the oxygen 
contribution occurs from multiple sources such as MnO2, Na2SO4, H2O, 
and the presence of oxygen-based functional groups on the carbon sur-
faces of CB, CNF, and the cotton textile used. Consequently, Mn 2p3/2 
spectra were used to distinguish the main states of manganese oxidation 
(i. e. Mn4þ, Mn3þ and Mn2þ) and discern the presence of the three major 
components MnO2, MnOOH/MnOONa and MnO in the fresh (Fig. 7c) 
and aged positive electrodes used with Nafion®115 (Fig. 7d) and Aqui-
vion®E87-05S (Fig. 7e) membranes. Overall, multiple peaks are 
assigned to the different oxidation states of manganese oxide [27], 
though Mn3þ and Mn4þ species have to be added to the main peaks 
because they arise from the multiplet-splitting components of Mn 2p 
(IV) when an atom contains unpaired d electrons [44,45]. The main 
peak of manganese oxide appears at the binding energy of 
642.8 � 0.4 eV, which corresponds to MnO2 (IV). Other two peaks with 
values of 641 � 0.4 eV (Mn2þ) and 642 � 0.4 eV for Mn3þ
(MnOOH/MnOONa) were also found. Significantly, there were not 
observed any evident signs of degradation in the manganese oxide based 
electrodes from the comparison of the three high resolution Mn 2p3/2 
spectra (Fig. 7c–e) and the survey analysis (Fig. 7b) for aged (Fig. 7d and 
e) and fresh samples (Fig. 7c), despite they were subjected to very 
stressful electrochemical tests for about 2–3 months. Moreover, the 
simultaneous co-existence of Mn4þ, Mn3þ and Mn2þ metal oxides, 
clearly confirms that these electrodes were not significantly altered after 
the prolonged tests. It must be reminded that the possible fast surface 
redox reactions produced in our MnO2-based positive electrodes can be 
ascribed to reversible surface electrochemical reactions associated with 
adsorption/desorption of alkali metal cations such as Naþ and protons 
Hþ [46], described by the following equation where Cþ ¼ Naþ, Hþ, Kþ: 
Fig. 7. XPS survey and deconvolution plots of fresh and aged electrodes. XPS of negative (a) and positive electrodes (b). Deconvolution of Mn 2p3/2 for MnOx-fresh 
electrode (c), MnOx aged Nafion®115 electrode (d), and MnOx aged Aquivion®E87-05S electrode (e). 
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MnO2 þ xCþ þ yHþ þ (x þ y)e  ↔ MnOOCxHy                                      
This electrode mechanism, which involves a reversible redox reac-
tion between IV and III Mn oxidation states, becomes more evident in 
the voltammograms of Fig. 4a and c with the appearance of humps with 
some deviation from rectangular shapes. This deviation is probably 
caused by the increased insertion of ions under the floating condition at 
the maximum voltage of 1.6 V, which could promote a higher electro- 
insertion of cations in the inner parts of the Mn electrodes. 
In summary, the preserved morphology of the aged electrodes 
observed by the SEM images and the excellent electrochemical perfor-
mance, demonstrate the lack of significant changes in both SCs. In this 
regard, a slight increase in their performance after 10 k and 15 k cycles 
and 140 h and 210 h of potentiostatic floating conditions at 1.6 V was 
observed, in contrast with the current state-of-art, which normally re-
ports a performance decay after a few hundred (or thousands) of fast 
charge and discharge cycles [47–49]. 
The very significant results of our developed hybrid solid-state SC are 
also shown in the comparative plots of Fig. 8. The Cotton@Nafion SC 
worked perfectly for 10 k cycles and 140 h of potentiostatic floating at 
1.6 V, after which the test was deliberately stopped, while the Cotto-
n@Aquivion SC was subjected for 15 k cycles and 210 h of potentiostatic 
floating at 1.6 V before ending deliberately the test (Fig. 8a). The spe-
cific capacitances of both capacitors, obtained from the G-CD at 
0.2 A g  1 for different number of cycles, started from values of about 
105 F g  1 and then they increased until values of about 130 F g  1. 
Thereafter, the capacitances remained constant and without any 
appreciable decay over that initial value until the end of the durability 
measurements, as it is evidenced by the solid lines in Fig. 8a. Further-
more, there was not observed any evident deterioration due to the 
corrosion phenomena in the current collector made of almost pure ti-
tanium (99.8%), normally observed in the positive current collector of 
SCs based on aqueous electrolytes [50,51]. In conclusion, our developed 
SCs work efficiently in neutral aqueous systems without any appreciable 
decay effects, despite the very harsh conditions to which electrodes, 
electrolytes and current collectors were subjected. 
The Fig. 8b reports the voltage decay in the self-discharge behavior 
after 4 h of charging at constant voltage of 1.6 V of both aged SCs for 10 
k cycles. This decrease of cell voltage can be caused by charge redis-
tribution and various parasitic redox processes due to the presence of 
inorganic or organic impurities in the electrodes, which can produce 
undesired parallel chemical reactions, mass transport limitations and 
additional ohmic resistances [52–54]. In any case and despite the 
self-discharge rate is not completely eliminated in our SCs, it is small 
enough to be considered as negligible for practical devices. 
The comparison of the electrochemical performance of SCs devel-
oped in this study with other supercapacitors based on textile-based 
electrodes reported in literature is summarized in Table 3. In our 
study, the highest specific capacitance of 132 F g  1 at 0.2 A g  1 was 
achieved with the Cotton@Nafion SC that showed an ionic resistance of 
0.78 Ω cm2, and an energy density of 11.55 Wh kg  1. Our results are 
already remarkable when compared to similar asymmetric SCs reported 
in Table 3. Furthermore, they have shown low self-discharge rates and 
very good long-term durability under harsh cycling conditions, which 
are distinctive points of strength compared to the state-of-art for the 
design of future advanced solid-state SCs in neutral aqueous environ-
ments at operating voltages up to 1.6 V. 
4. Conclusions 
Two type of hybrid solid-state supercapacitors based on cotton fabric 
Table 2 
XPS results of Mn 2p3/2 spectral fitting parameters: binding energy (eV) and percentage of total area for the fresh and aged electrodes.  
Electrodes Mn 2p3/2 
Peak Peakl Peak 2 Peak 3 Peak 4a Peak 5a 
BE (eV) compounds (valence) 641�0.4 MnO (II) 641�0.4 MnOOH MnOONa (III) 642.8�0.4 MnO2 (IV) 643.8�0.4 MnO2 (IV) 645.5�0.4 MnO2 (IV) 
Mn oxide fresh (%) 17.47 27.82 15.63 27.92 11.14 
Mn oxide aged  
Cotton@Nafion (%) 
22.84 21.10 29.24 17.87 8.95 
Mn oxide aged  
Cotton@Aquivion (%) 
25.49 23.49 24.18 14.41 12.33  
a (Additional peaks are due to binding energy shifts and attributed to multiplet splitting structures). 
Fig. 8. Comparative results of SC with cycling life measurements. Specific capacitance as function of time and cycles (the solid lines are to guide the eyes) (a). Self- 
discharge rate after charging the SC for 4 h at 1.6 V (b). 
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electrodes were designed and analysed in this work. One SC was 
assembled with Nafion® 115 and the other SC with Aquivion® E87-05S 
polymer electrolyte. Furthermore, a new lifetime assessment method-
ology, consisting of the combination of galvanostatic charge/discharge 
and potentiostatic floating tests, was designed and carried out for the 
first time in order to get insight on the durability of both SCs under harsh 
test environments. The voltammograms and charge–discharge profiles 
(at initial conditions) of the two different SC showed the typical 
rectangular-shape voltammetries and symmetric triangular shapes G-CD 
curves of quasi-ideal electric double layer capacitors with very inter-
esting capacitive performances (�105 F g  1) in neutral aqueous envi-
ronment at cell voltage of 1.6 V, which are comparable to similar results 
found in literature but with the difference that our SCs were produced 
with very simple and scalable methods and a majority of low-cost ma-
terials such as cotton fabric, activated carbon, carbon black and MnO2 
nanoparticles. The designed SCs showed very low self-discharge rates 
and even an increase in their capacitances of 25% (from 105 to 
132 F g  1) during long-term durability tests. In particular, the SC based 
on Nafion® 115 membrane was subjected to the potentiostatic floating 
condition of 1.6 V for more than 10 K cycles and 140 h, whereas the SC 
based on Aquivion® E87-05S membrane achieved 15 k cycles and 210 h 
at 1.6 V in perfect operation. The post-mortem analysis (e.g. SEM and 
XPS) made on the fresh and aged electrodes did not show significant 
structural changes in their morphologies, which means that the MnO2 
nanoparticles and activated carbon utilized were not degraded, despite 
they have been subjected to very stringent testing conditions. 
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